Staufen1 (STAU1) and Lin28B are RNA-binding proteins that are involved in neuronal differentiation as a function of posttranscriptional regulation. STAU1 triggers post-transcriptional regulation, including mRNA export, mRNA relocation, translation and mRNA decay. Lin28B also has multiple functions in miRNA biogenesis and the regulation of translation. Here, we examined the connection between STAU1 and Lin28B and found that Lin28B regulates the abundance of STAU1 mRNA via miRNA maturation. Decreases in the expression of both STAU1 and Lin28B were observed during neuronal differentiation. Depletion of STAU1 or Lin28B inhibited neuronal differentiation, and overexpression of STAU1 or Lin28B enhanced neuronal differentiation. Interestingly, the stability of STAU1 mRNA was modulated by miR-142-3p, whose maturation was regulated by Lin28B. Thus, miR-142-3p expression increased as Lin28B expression decreased during differentiation, leading to the reduction of STAU1 expression. The transcriptome from Staufen-mediated mRNA decay (SMD) targets during differentiation was analyzed, confirming that STAU1 was a key factor in neuronal differentiation. In support of this finding, regulation of STAU1 expression in mouse neural precursor cells had the same effects on neuronal differentiation as it did in human neuroblastoma cells. These results revealed the collaboration of two RNA-binding proteins, STAU1 and Lin28B, as a regulatory mechanism in neuronal differentiation.
Post-transcriptional regulation processes include mRNA export, RNA stability, translation involving the regulation of cell metabolism, cell fate determination, tumorigenesis and tissue regeneration through microRNA (miRNA), nonsensemediated mRNA decay (NMD), and Staufen-mediated mRNA decay (SMD). [1] [2] [3] The RNA binding proteins Lin28A and Lin28B have roles in metabolism, development, and cell growth in multiple mammalian cell types and also affect miRNA biogenesis. 4, 5 Both have conserved RNA-binding motifs, including a cold-shock domain (CSD) and a Cys-CysHis-Cys (CCHC) domain. 6, 7 Furthermore, the maturation of let-7 is negatively correlated with the expression of Lin28A/ Lin28B during embryonic stem cell differentiation; that is, an increase in the level of mature let-7 family members occurs in response to a decrease in Lin28A/Lin28B. 4, [8] [9] [10] The main motif of miRNA and mRNA that binds Lin28, revealed by crosslinking immunoprecipitation (CLIP)-seq, is the 'GGAG' sequence in the hairpin loop structure of mRNA and premiRNA. 11, 12 Lin28A also inhibits the biogenesis of miR-9 by binding to pre-miR-9 during neuronal differentiation in the mouse embryonic carcinoma cell line P19, ultimately decreasing differentiation. 13 Furthermore, overexpression of Lin28A/ Lin28B in mouse P19 cells induces neurogenesis with blocks of gliogenesis without affecting proliferation. 14 The binding of Lin28A/Lin28B to pre-or pri-let-7 regulates glucose metabolism via the insulin-PI3K-mTOR pathway, and Lin28A enhances tissue repair by reprogramming. 9, 15 Staufen1 (STAU1) is a double-stranded RNA binding protein first identified in Drosophila oogenesis and CNS development and recognizes intra-and intermolecular base-pairing with long noncoding RNA in the 3′UTR. 16, 17 Binding of STAU1 to RNA initiates neuronal morphogenesis and posttranscriptional regulation, including mRNA export, relocation, translation, and mRNA decay (known as SMD); 18 SMD is also involved in developmental processes such as myogenesis and adipogenesis and is likely to be involved in angiogenesis. [19] [20] [21] STAU1 is distinct in neurons because it is transported to dendrites in RNA granules. 22 Knockout of STAU1 in mice hippocampal neurons reduced dendritic branching and STAU1-RNP delivery, 23 and downregulation of STAU1 reduced the dendritic length of secondary to quaternary branches during differentiation. 24 Our hypothesis was based on the common effects and expression patterns of STAU1 and Lin28B in neuronal differentiation. Here, we observed that the levels of STAU1 and Lin28B were diminished during SH-SY5Y cell differentiation. Overexpression and depletion of STAU1/Lin28B augmented and reduced neuronal differentiation, respectively. In addition, we showed that Lin28B inhibits the maturation of miR-142-3p, which destabilizes STAU1 mRNA. Consequently, the decrease in Lin28B levels during neuronal differentiation augmented the level of mature miR-142-3p, ultimately reducing the mRNA levels of the miR-142-3p target, STAU1. In support of this observation, overexpression and inhibition of miR-142-3p reduced and increased the level of cellular STAU1 mRNA, which inhibited and promoted neuronal differentiation, respectively. Genome-wide analysis revealed that the transcripts whose expression was upregulated upon STAU1 and UPF1 depletion during differentiation may play key roles in differentiation. Finally, overexpression of STAU1 in mouse neural precursor cells (mNPCs) caused increased neural differentiation. Taken together, our findings suggest that modulation of STAU1 expression or miR-142-3p function could be used to regulate neuronal differentiation.
Results

STAU1
regulates the differentiation of SH-SY5Y cells. SH-SY5Y cells have been exclusively used to study mechanisms of neuronal differentiation due to the convenient induction of their differentiation by retinoic acid. Immunofluorescence staining results indicated that neuronal morphology gradually developed, exhibiting expanded dendrites and an increased level of synaptophysin (SYP), a presynaptic neuronal marker (Figure 1a) . The differentiation was confirmed by using western blotting and quantitative reverse transcription PCR (RT-qPCR), which showed that the levels of SYP and nestin (a marker of undifferentiated cells) increased and decreased, respectively, during differentiation (Figures 1b and c) . Intriguingly, protein and mRNA expression of STAU1 decreased to approximately 40% and 61% of the value of the day 0 of differentiation, respectively, during differentiation (Figures 1b and c) . The effects of STAU1 expression on neuronal differentiation were determined by transiently transfecting SH-SY5Y cells with siSTAU1 or siControl and inducing the cells to differentiate. Interestingly, depletion of STAU1 reduced the expression of SYP protein and mRNA at day 7 of differentiation to approximately 40% and 60% of the value of the control siRNA transfection, respectively (Figures 1d and e) . To ensure that STAU1-depletion had the same effects in differentiating cells, we downregulated the expression of STAU1 in differentiating cells ( Supplementary Figures S1a and b) . Consistently, depletion of STAU1 in differentiating cells also decreased the expression of SYP, indicating that STAU1 expression plays a key role in differentiation. In SMD, STAU1 binds to structured RNA with UPF1, triggering mRNA decay. If the expression of UPF1 is slightly decreased during differentiation and depletion of UPF1 impairs neuronal differentiation as STAU1 does, SMD may have a role in differentiation. To determine whether UPF1 affected differentiation, we depleted UPF1 in SH-SY5Y cells, which were then differentiated (Supplementary Figure S1c) . Western blotting demonstrated that the level of UPF1 decreased during differentiation and that downregulating UPF1 abrogated neuronal differentiation as observed in STAU1-depletion, indicating that SMD may be a key regulator in differentiation. The effects of STAU1-depletion on differentiation were ascertained by overexpressing C-terminal HA-tagged STAU1 55 (STAU1 55 -HA 3 ) in SH-SY5Y cells and then inducing differentiation (Figures 1f and  g ). Western blotting and RT-qPCR results demonstrated that overexpression of STAU1 during differentiation increased the expression of SYP compared to expression in mock transfection. Our findings were verified by another approach, immunofluorescence detection (Figure 1h ). SYP expression was detected in STAU1-depleted cells and STAU1 55 -HA 3 -overexpressing cells after 7 days of differentiation, indicating that depleting STAU1 resulted in lower expression of SYP and overexpression of STAU1 led to higher expression of SYP than in mock transfected cells (Figure 1h ). To determine the effects of STAU1 on neuronal differentiation, we measured dendritic lengths during differentiation (Figure 1i ) and in the presence or absence of siSTAU1 or overexpressed STAU1 55 -HA 3 at day 7 of differentiation ( Figure 1j ). Dendritic lengths increased during differentiation, and depletion or overexpression of STAU1 decreased or increased dendritic lengths, respectively. The simple interpretation of all of these results was that SMD activity might naturally decrease in response to the decreased amounts of STAU1 and UPF1 during differentiation and that inhibition of SMD repressed neuronal differentiation (see more implications in the Discussion section). The evidence described above indicates that STAU1 expression affected neuronal differentiation.
miR-142-3p reduces the level of STAU1 mRNA, inhibiting neuronal differentiation. STAU1 expression was reduced according to initiation of differentiation. To identify miRNAs that target STAU1 during differentiation, we performed an in silico screen using TargetScan (www.targetscan.org). We identified miR-142 (both miR-142-5p and miR-142-3p) as putative regulators of STAU1. To determine whether miR-142-5p or miR-142-3p regulated STAU1, we transfected HeLa cells, which do not express constitutively express miR-142 (Figure 2a) , 25 with miR-142-5p or miR-142-3p mimics and compared the levels of STAU1 protein and mRNA with the values in control miRNA-transfected cells (Figures 2b and c) . Western blotting and RT-qPCR results demonstrated that both miR-142-5p and miR-142-3p decreased STAU1 protein and mRNA levels. Because the expression of miR-142-3p increased during differentiation, but that of miR-142-5p did not, we hypothesized that miR-142-3p could be a key factor in reducing the abundance of STAU1 mRNA (see below). To determine whether miR-142-3p targeted STAU1, we inserted the putative target sequence (WT) or the mutated sequence (Mut, lacking the miR-142-3p-binding site), along with the surrounding STAU1 3′UTR, into a bicistronic reporter vector (Figure 2d ). RT-qPCR was performed using HeLa cells that were cotransfected with a miR-142-3p mimic and STAU1-3′ UTR-WT or STAU1-3′UTR-Mut. The presence of miR-142-3p reduced the level of the transcripts containing STAU1-3′UTR-WT by approximately two-fold but did not have any effect on STAU1-3′UTR-Mut (Figure 2e) . Notably, the miR-142-3p binding sites in the 3′UTR of STAU1 are conserved among mammals (Supplementary Figure S2a) . These results indicated that STAU1 was a target of miR-142-3p.
All of these findings prompted us to test whether miR-142-3p was upregulated to decrease the level of STAU1 expression during neuronal differentiation. SH-SY5Y cells were differentiated, and the changes in cellular let-7a, miR-142-5p and miR-142-3p were quantified by RT-qPCR (Figure 3a) . The level of let-7a, which is well known to be upregulated by embryonic and neuronal stem cell differentiation, 9, 10, 15 increased during differentiation. Similarly, miR-142-3p was To confirm whether miR-142-3p affects differentiation, we transfected an miR-142-3p inhibitor into SH-SY5Y cells at day 5 of differentiation, which was followed by more differentiation because the level of miR-142-3p increased as differentiation processed (Figures 3d and e). Western blotting and RT-qPCR results demonstrated that the inhibitor augmented the levels of STAU1 protein and mRNA. The levels of SYP protein and mRNA at day 7 of differentiation in inhibitor transfected cells were also increased more than the values in control RNA transfected cells, as expected. All these observations suggested that the decrease in STAU1 expression that was caused by the increase in miR-142-3p reduced neuronal differentiation.
Lin28B regulates mature miR-142-3p stability. Lin28 is one of the proteins that is most studied for its decreased expression during differentiation. Lin28 binds to the 'GGAG' motif of pre-miRNA, leading to degradation of miRNAs. 11, 13 Intriguingly, pre-miR-142, containing a putative 'GGAG' motif in its pre-miRNA terminal loop, is conserved in human, rat, and mouse. Moreover, the STAU1 3′UTR harbors a conserved miR-142-3p binding site ( Figure 4a ). Notably, SH-SY5Y cells constitutively express Lin28B and the level of Lin28B was reduced during differentiation ( Figure 4b ). It is thus plausible that Lin28B is capable of regulating the fate of miR-142-3p maturation, leading to an increase in miR-142-3p and a decrease in STAU1. As a first step towards evaluating whether Lin28B regulates maturation of miR-142-3p, we employed HeLa cells that did not constitutively express Lin28B and miR-142. FLAG-Lin28B-WT, FLAG-Lin28B-mCCHC (two mutations in the CCHC domains), or an empty vector were cotransfected with pre-miR-142-WT or premiR-142-Mut into HeLa cells; pre-miR142-Mut lost its 'GGAG' motif and a bulge in the stem, as depicted in Supplementary Figure S2b . Western blot verified that comparable levels of the FLAG-Lin28B variants were expressed ( Figure 4c ). Expression of FLAG-Lin28B-WT slightly reduced the levels of let-7a and miR-142-3p, as expected ( Figure 4d ). In contrast, the expression of FLAG-Lin28B-mCCHC did not significantly change the levels of miRNA. Protein-pre-miRNA binding was examined to ascertain whether Lin28B binds to pre-miR-142 ( Figure 4e ). An anti-FLAG antibody was used to immunopurify FLAG-Lin28B variants from lysates of HeLa cells that had been transiently cotransfected with FLAGLin28B-WT, FLAG-Lin28B-mCCHC, or an empty vector with or without pre-miR142-WT or pre-miR142-Mut. Comparable levels of immunoprecipitated FLAG-Lin28B-WT and FLAGLin28B-mCCHC were observed by western blot (Figure 4e , left panel). RT-qPCR results demonstrated that FLAGLin28B-WT formed mRNP 1.5-fold more effectively with premiR-142-WT than with pre-miR-142-Mut ( Figure 4e , right panel). However, FLAG-Lin28B-mCCHC did not efficiently interact with either pre-miR-142-WT or pre-miR-142-Mut. All these results suggested that Lin28B could regulate miR-142-3p maturation and form mRNP with pre-miR-142.
To determine whether Lin28B reduced the levels of mature miR-142-3p, Lin28B was depleted by siRNA-mediated downregulation without differentiation. Western blot results demonstrated that the expression of Lin28B was efficiently downregulated (Figure 4f ). While Lin28B levels were depleted in SH-SY5Y cells, the levels of mature miRNA, pri-miRNA, and miRNA targets were quantified by RT-qPCR (Figure 4g ). Depletion of Lin28B increased the level of mature miR-142-3p, while the level of let-7a was also slightly derepressed (Figure 4g) . Notably, the pri-miRNA level was not significantly changed by downregulation of Lin28B. However, as a result of the increase in let-7a and miR-142-3p, the levels of HMGA2 and STAU1 mRNA were reduced to 80% of the values in the control (Figure 4g ), indicating that the expression of Lin28B could regulate the level of mature miR-142-3p, ultimately leading to the modulation of STAU1 mRNA stability. To test whether STAU1 was a target of Lin28B, we depleted Lin28B and analyzed the half-life of endogenous STAU1 mRNA by blocking transcription and using RT-qPCR; the half-life of STAU1 mRNA was reduced by approximately 50% (Figure 4h ).
Lin28B is a key regulator in STAU1 mRNA stability because it regulates miR-142-3p abundance; we thus investigated whether a change in Lin28B expression affected neuronal differentiation. Lin28B was overexpressed (Figure 4i ) or depleted (Figure 4j ), and induction of differentiation followed. Overexpression of FLAG-Lin28B exclusively enhanced the expression of SYP, suggesting that Lin28B played a key role in the differentiation of SH-SY5Y cells, as it also does in ES and neuronal precursor cells (Figure 4i ). In contrast, depletion of Lin28B significantly reduced the level of SYP as differentiation proceeded (Figure 4j ). All these results indicated that Lin28B positively regulated STAU1 expression during differentiation.
Because SH-SY5Y cells can grow once differentiation starts, cell growth after differentiation induction may affect -HA 3 -overexpressing SH-SY5Y cells in (h) (n = 60). The protein level was normalized to the level of calnexin, and the relative levels of proteins at day 0 of differentiation were set to 1.0. The mRNA level was normalized to the level of U6 snRNA, and the relative levels of mRNAs at day 0 of differentiation were set to 1.0. Insets in (a) and (h) represent the higher magnification of the indicated field. **Po0.01
the differentiation process. In addition, overexpression of STAU1 was recently reported to impair cell proliferation in HCT116 cells. 26 To examine the effects of STAU1 and Lin28B expression on proliferation and, consequently, differentiation, we either overexpressed or depleted STAU1 or Lin28B and assessed cell growth by cell counting (Supplementary Figure S3) . Western blot results demonstrated that overexpression and depletion of STAU1 and Lin28B were maintained until day 5 of proliferation (left panels in Supplementary Figures S3a-d) ; however, the level of
55 -HA 3 at day 5 was similar to the level in mock transfected cells. Cell counting results indicated that the overexpression of Lin28B or depletion of STAU1 or Lin28B had no effect on cell growth. However, similar to a previous report, 26 overexpression of STAU1 55 -HA 3 repressed cell growth at day 3 of proliferation, but did not alter cell growth at day 5 of proliferation, presumably because overexpression was diminished from the day-3 proliferation. Cell growth tests indicated that overexpression of STAU1 may affect cell metabolism, which would explain the reason that the overexpression of STAU1 55 -HA 3 increased the level of SYP by only 1.5-fold, in contrast with the results from STAU1-depletion (Figures 1d-g ).
SMD elicits widespread upregulation of transcripts in SH-SY5Y cells. STAU1 is a key factor in SMD via binding to RNA with UPF1. Several lines of evidence suggested that SMD could regulate neuronal differentiation: (1) The expression of both endogenous STAU1 and UPF1 was reduced during differentiation, and (2) Downregulation of STAU1 or UPF1 decreased neuronal differentiation. All of these findings prompted us to determine which transcripts were regulated by SMD. Thus, mRNA-seq experiments were performed using lysates of UPF1-or STAU1-depleted SH-SY5Y cells. The specific downregulation of UPF1 or STAU1 was confirmed by western blot (Figure 5a ). Comparative analysis using mRNA seq results revealed that 1253 and 1301 transcripts were upregulated at least twofold upon STAU1-and UPF1-depletion, respectively, and 480 transcripts were commonly upregulated ( Figure 5b and Supplementary Table S1 ). We determined potential SMD targets by elucidating enrichment by using Gene Ontology (GO) analysis (Figure 5c ). The GO processes that were commonly upregulated upon UPF1 and STAU1 depletion were morphogenesis, cell development and regulation of transport, suggesting that SMD could be involved in neuronal differentiation (Figure 5c ). Moreover, because the levels of STAU1 and UPF1 were reduced during differentiation, the levels of SMD-targeted transcripts were supposed to increase, which may augment or impair neuronal differentiation. These speculations drove us to determine which transcripts were upregulated by differentiation and depletion of UPF1 and STAU1. Therefore, mRNA-seq experiments were performed using SH-SY5Y cells that had been differentiated for 7 days, compared to experiments with undifferentiated control cells. A total of 2784 transcripts were upregulated upon induction of differentiation, and 5% of these transcripts (146) were commonly upregulated with both UPF1 and STAU1 depletion (Figure 5d and Supplementary Table  S1) . Indeed, GO analysis demonstrated that the gene sets involved in morphogenesis and the regulation of transport were upregulated, suggesting that SMD may play a role in neuronal differentiation (Figure 5e and Supplementary Table  S2 ). To assess whether the transcripts that were upregulated upon UPF1 and STAU1 depletion during differentiation were SMD targets, we coimmunoprecipitated transcripts with STAU1 55 -HA 3 . Western blotting results indicated that IP was specific (Figure 5f ). Sixteen out of the eighteen transcripts that had been upregulated upon STAU-depletion or formed mRNP complex with STAU1 in previous studies 17, 27, 28 were coimmunoprecipitated with STAU1 55 -HA 3 compared to IP of mock transfection samples. Well-known SMD targets 21 c-Jun and IL-7R were coimmunoprecipitated, and the negative control transcript ZNF75D (only upregulated upon UPF1-depletion) was not significantly coimmunoprecipitated ( Figure 5g) . Furthermore, the transcripts related to differentiation also coimmunoprecipitated with STAU1 55 -HA 3 ( Figure 5h ). These observations suggested that the level of STAU1 expression could modulate neuronal differentiation.
STAU1 regulates differentiation of mNPCs. Next, mNPCs from the mouse cortex were employed to assess whether RT-qPCR results demonstrated that decreases in mouse Lin28B (mLin28B), mSTAU1, and mUPF1 and an increase in mSYP also occurred in mNPC differentiation (Figures 6a  and b) . Furthermore, the expression levels of mmu-let-7a and mmu-miR-142-3p miRNAs increased with differentiation, suggesting that the Lin28B:miR-142-3p:STAU1 regulation network might be used in the differentiation of mNPCs. We ascertained the function of STAU1 in mNPCs by using retroviral infection to overexpress human STAU1 55 -HA 3 in mNPCs and then inducing differentiation. The results of experiments using mNPCs were similar to those of SH-SY5Y cells. Overexpression of human STAU1 55 -HA 3 increased the level of mSYP by approximately twofold at day 12 of differentiation ( Figure 6c ). This increased amount of SYP was verified by immunofluorescence analysis (Figure 6d ), suggesting that regulation of STAU1 enhanced mouse neural development.
Discussion
STAU1 has multiple roles in cellular processes, including mRNA relocation, mRNA surveillance, and translation, 29, 30 by recognizing and binding to RNA secondary structures in proper neuronal function. [31] [32] [33] In Caenorhabditis elegans, RNA immunoprecipitation revealed that STAU1 forms mRNP with transcripts related to cell differentiation, 34 which was consistent with our observation that SMD regulated the stability of transcripts involved in neuronal differentiation ( Figure 5 ). However, we could not exclude the possibility that the fates of transcripts were regulated by SMD or other functions of STAU1 during neuronal differentiation because STAU1 colocalized with translation-related proteins and , the FLAG-Lin28B CCHC-mutant (mCCHC), or an empty vector (-) were cotransfected with pre-miR-142-WT or pre-miR-142-Mut. Western blot (c) and RT-qPCR (d) were used to detect the expression of FLAGLin28B and to quantify the level of the indicated miRNAs. The levels of miR-142-3p and let-7a were normalized to the levels of exogenous pre-miR-142 and U6 snRNA, respectively. (e) Similar to (c) and (d) except that FLAG-Lin28B-WT or -mCCHC was immunoprecipitated with anti-FLAG antibody-conjugated beads. Transfection of pFLAG (empty vector) served as a negative control (-). Western blot was performed to test whether a comparable amount of immunoprecipitated FLAG-Lin28B was present. Coimmunoprecipitated pre-miR-142 was spiked with E. coli RNA after IP. RT-qPCR was employed to quantify the relative levels of pre-miR-142 and pre-let-7a, and its results were normalized to the level of E. coli LACZ mRNA to account for variations in RNA recovery. (f,g) Depletion of Lin28B by siRNA-mediated downregulation was performed in SH-SY5Y cells. Western blot (f) and RT-qPCR (g) were employed to evaluate downregulation of Lin28B and the relative levels of mature miRNAs, pri-miRNAs, and miRNA-targeted mRNAs. (h) SH-SY5Y cells that were transfected with siControl or siLin28B were treated with 40 μg/ml 5,6-dichloro-1-β-D-ribofuranosylbenzimidazole (DRB) for the indicated duration. RT-qPCR was performed to obtain relative levels of STAU1 mRNA (normalized to the level of GAPDH mRNA). Mean values and standard errors were calculated from at least six independently performed transfections. t 1/2 , half-life. (i) SH-SY5Y cells that were transfected with FLAG-Lin28B were differentiated using retinoic acid. A western blot was performed to observe the indicated proteins. (j) Similar to (i) except that the endogenous Lin28B was depleted instead of FLAG-Lin28B being overexpressed. The number of the column is a mean value relative to results from mock or Lin28B-WT transfections. *Po0.05, **Po0.01; n.s., not significant mRNAs in dendrites, 22 which could stabilize or destabilize mRNA. The expression of truncated STAU1 in mouse hippocampal neurons from homozygous mutants led to reduced dendritic trees that had less developed synapses. 23 In addition, the downregulation of STAU1 in hippocampal pyramidal cells modified their dendritic spine morphology, decreasing the number of regular type dendritic spines and increasing the number of filopodium type dendritic spines 35 and depletion of STAU1 reduced neuronal differentiation by diminishing the association of STAU1 with several miRNAs, leading to translational repression and a reduction of dendritic length. 24 STAU2, a paralog of STAU1, also plays an important role in neurons, including being involved in mRNA localization and neuronal mRNA regulation. 36, 37 Interestingly, the 3′UTR of STAU2 contains putative miR-142-3p binding sites, as STAU1 does, suggesting that miR-142-3p is also capable of modulating STAU2 expression; this possibility aligns well with our findings. Both STAU1-and STAU2-mediated mRNA decays required UPF1, 38 which is also a key factor in NMD. The UPF1 level was repressed during differentiation of mouse neuronal stem cells, resulting in the stabilization of NMD targets. 39 Similarly, the level of UPF1 during SH-SY5Y cell differentiation was also diminished, and depletion of UPF1 repressed neuronal differentiation (Supplementary Figure S1c) . STAU1 expression was regulated by miR-142-3p, whose expression increased with the decrease in Lin28B levels during differentiation. Lin28B also plays an important role in neurogenesis. For instance, Lin28B overexpression led to increased neurogenesis and decreased gliogenesis in mouse embryonic carcinoma cells.
14 Moreover, Lin28B induced the formation of neuroblastomas with decreased let-7.
40 Lin28B also repressed the maturation of the let-7 family members, which contained the same 'GGAG' motif in the pre-miRNA. Indeed, our findings showed that Lin28B could bind to premiR-142 and repress its maturation (Figure 4) . The results in this study supported previous reports of the function of STAU1 in neurogenesis via several lines of evidence: (1) overexpression and downregulation of STAU1 increased and decreased neuronal differentiation, respectively (Figure 1 ), (2) miR-142-3p, which repressed STAU1 expression, had the opposite consequence for STAU1 regulation in neuronal differentiation (Figures 2 and 3) , (3) genome-wide analysis showed that transcripts upregulated by UPF1 and STAU1 were involved in neuronal differentiation ( Figure 5) , and (4) modulation of STAU1 expression in mNPCs affected differentiation ( Figure 6 ).
The agreement between our observations and those of previous reports suggests the simple network model depicted in Figure 6e . Because Lin28B inhibits miR-142-3p maturation, the level of miR-142-3p increased as the level of Lin28B decreased during differentiation. Consequently, the expression of STAU1, a target of miR-142-3p, was repressed during neuronal differentiation. However, the reason that inhibition of Lin28B or STAU1 expression or augmentation of miR-142-3p expression reduces neuronal differentiation is unknown. A plausible explanation could be that a decrease in the activity of SMD by siSTAU1 or siUPF1 increased the level of SMD targets that reduced neuronal differentiation, transport and the response of neurons to the environment, which might have reduced neuronal differentiation, that is, the function of SMD may be required for induction or maintenance of differentiation process. Our findings suggest that STAU1 controls neurogenesis via the modulation of gene expression. The effects of SMD on functional regulation and networks involved in neurogenesis should be further investigated.
Materials and methods
Cell culture and differentiation. HeLa and SH-SY5Y cells were grown in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin. Human neural precursor cells (hNPCs) were maintained in serum-free ITS medium in the presence of 20 ng/ml basic fibroblast growth factor (bFGF) and ascorbic acid (AA) on poly-L-ornithine (PLO)/fibronectin (FN)-coated culture dishes. 41 To induce differentiation of SH-SY5Y cells, cells were seeded 1 day before treatment with 50 μM of retinoic acid. mNPCs that were isolated from the cortex at E12.5 were cultured in vitro for 3 days in serum-free N2 medium supplemented with the mitogens bFGF and epithelial growth factor. Differentiation of mouse NPCs was achieved by removing the mitogens. 42 HeLa and SH-SY5Y cells were seeded 1 day before transfection. HeLa cells were transiently transfected with plasmid DNA or miRNA using Lipofectamine 3000 transfection reagent (Invitrogen, Waltham, MA, USA). SH-SY5Y cells were electroporated with plasmid DNA, siRNA, or an miRNA mimic using Nucleofector (Amaxa, Alpharetta, GA, USA) as described in the manufacturer's protocol.
Plasmid construction. We constructed pmirGLO-STAU1-3′UTR WT and pmirGLO-STAU1-3′UTR Mut by digesting a pmirGLO plasmid (Promega, Madison, WI, USA) with XbaI and ligating the digested vector fragment to PCR-amplified fragments that had also been digested with XbaI. The PCR products were generated by annealing the three primers STAU1_3′UTR-5′, STAU1_3′UTR_mid-dle-WT or STAU1_3′UTR_middle-Mutant which has the mutated sequences indicated in Figure 2d , and STAU1_3′UTR-3′ and amplifying using the two primers STAU1_3′UTR-XbaI-F and STAU1_3′UTR-XbaI-R, which are listed in Supplementary Table S3 .
The C-terminally HA-tagged pEGFP-IRES3-STAU1-HA 3 was constructed by digesting pEGFP-IRES with XhoI and ligating the resulting vector fragment to a PCR product that had also been digested with XhoI. The PCR product was generated using pCI-Neo-STAU1-HA 3 and the two primers STAU1_XhoI-F and STAU1_XhoI-R, which are listed in Supplementary Table S3 .
Whether pre-miR-142 is bound by Lin28B was determined by inserting the premiR-142-WT or pre-miR-142-Mut sequences into a pcDNA3.1 vector. The pcDNA3.1 vector was digested with BamHI and XhoI, and the resulting vector fragment was ligated to a Klenow product that had also been digested with BamHI and XhoI. The Klenow product was filled using two annealed primers, which were named premiR-142_BamHI-F-WT and pre-miR-142_XhoI-R-WT for WT and premiR-142_BamHI-F-Mut and pre-miR-142_XhoI-R-Mut for Mut, as listed in Supplementary Table S3 .
Retrovirus production. The overexpression of C-terminally HA 3 -tagged STAU1 was achieved by using a STAU1 55 -HA 3 -overexpressing retrovirus, which was obtained as previously described. 43 Briefly, 293GPG packaging cells were transiently transfected with pEGFP-IRES3-STAU1 55 -HA 3 , and after two days, medium was collected every day for 7 days by centrifuging the cells at 900 × g for 3 min. The resulting supernatant, which contained the retroviral particles, was used as an inoculum.
siRNA-mediated silencing. siRNA (IDT Technologies, Coralville, IA, USA) with the sequences listed in Supplementary Table S3 was electroporated into SH-SY5Y cells using Nucleofector(Amaxa, Alpharetta, GA, USA), based on the manufacturer's protocol, to downregulate endogenous proteins, including STAU1, Lin28B, and UPF1. Control siRNA (siControl, IDT Technologies, Coralville, IA, USA) was used as a negative control.
Western blot. Cell lysates were separated by electrophoresis on 8-12% sodium dodecyl sulfate-polyacrylamide gels and transferred to nitrocellulose membranes (GE Healthcare Life Sciences, Amersham, Buckinghamshire, UK). Blots were probed with antibodies against the following proteins: STAU1 (Abcam, Cambridge, Cambridgeshire, UK), SYP (BD Biosciences, Baltimore, MD, USA), calnexin (Santa (g and h) Immunoprecipitated samples in (f) were spiked with a small amount of E. coli RNA, and RT-qPCR measurements of the level of E. coli LACZ mRNA were employed to control for variations in RNA recovery. Values from immunoprecipitation using mock transfection were set to 1.0. *Po0.05, **Po0.01; n.s., not significant pcDNA-pre-miR-142-WT or pcDNA-pre-miR-142-Mut. Immunoprecipitation was performed using anti-FLAG beads (Sigma, St. Louis, MO, USA). Similarly, HA-conjugated beads (Pierce, Rockford, IL, USA) were used to immunoprecipitate STAU1 55 -HA 3 . Coimmunoprecipitated RNA and protein were analyzed by using RT-qPCR and western blot, respectively. miRNA expression. Human miR-142-5p and miR-142-3p mimics (GenePharma, Shanghai, China) or a control mimic (GenePharma) were electroporated (Amaxa) into SH-SY5Y cells and transfected (Lipofectamine 3000, Invitrogen, Waltham, MA, USA) into HeLa cells to determine whether miR-142-5p or miR-142-3p downregulates STAU1. The miR-142-3p mimic and inhibitor (Dharmacon, Lafayette, CO, USA) sequences are provided in Supplementary Table S3 .
Statistical analysis. Unpaired Student's t-tests were used to calculate the Pvalues. Differences with Po0.05 or 0.01, as indicated in figure legends, were considered statistically significant. Columns and error bars in figures indicate the mean values and standard errors for at least four independent experiments.
Library preparation and sequencing. Construction of the control and test RNA library was performed using the SENSE 3′ mRNA-Seq Library Prep Kit (Lexogen, Vienna, Austria) according to the manufacturer's instructions. In brief, 500 ng of total RNA was prepared for each RNA species, an oligo-dT primer containing an Illumina-compatible sequence at its 5′ end was hybridized to the RNA, and reverse transcription was performed. After the RNA template was degraded, second-strand synthesis was initiated with a random primer containing an Illumina-compatible linker sequence at its 5′ end. The double-stranded library was purified by using magnetic beads to remove all reaction components. The library was amplified to add the complete adapter sequences that were required for cluster generation, and the finished library was purified from the PCR components. Highthroughput sequencing was performed as single-end 75-sequencing using NextSeq 500 (Illumina, San Diego, CA, USA). The sequencing data have been deposited to the GEO database under accession number GSE94948.
Data analyses. The alignment file was obtained by using the Bowtie2 software tool to map the SENSE 3′ mRNA-Seq reads. The alignment file was used to assemble transcripts and estimate their abundance, and the differential expression of genes was detected by using bedtools and edgeR. The RT (Read Count) data were processed using the global normalization method in Genowiz version 4.0.5.6 (Ocimun Biosolutions, Hyderabad, Telangana, India). Gene classification was based on searches in the DAVID (http://david.abcc.ncifcrf.gov/) and Medline (http://www. ncbi.nlm.nih.gov/) databases.
